An edge-emitting laser diode is described in which the epitaxial upper cladding layer is replaced with a metal contact selected for its optical as well as electrical properties. The structure is demonstrated with an In 0.1 Ga 0.9 N multiple-quantum-well laser diode operating at 412 nm with silver rather than the typical p-type AlGaN for the upper cladding. Silver is effective as a cladding layer because of its very low index of refraction at the lasing wavelength, so that the guided optical mode exhibits minimal penetration into the silver. Eliminating the epitaxial upper cladding layer reduces thermal degradation of the InGaN multiple-quantum-well active layer.
Semiconductor lasers constructed from nitride semiconductors exhibit excellent performance in the near-ultraviolet to blue portion of the spectrum, and they have been applied to high-density optical storage systems and visible displays. However, compared to conventional arsenide-and phosphide-semiconductor laser diodes ͑LDs͒, nitride LD heterostructures are unusual with respect to the absence of lattice-matched cladding layers. Typically the cladding layers comprise AlGaN alloys, which experience biaxial tension when grown epitaxially on a GaN template. 1, 2 This tension is responsible for cracking of the epitaxial films, if grown excessively thick. This is especially problematic for longwavelength ͑Ͼ450 nm͒ nitride LDs, for which optical confinement diminishes, which requires cladding layers of greater thickness and higher aluminum alloy content. Furthermore, the p-type cladding layer is particularly difficult to grow because of the tradeoffs associated with p-type doping, alloy formation, and preserving the optoelectronic quality of the underlying active region. Thus, there is motivation to explore alternative nitride LD heterostructures. Accordingly, in this letter we describe and demonstrate an electrically injected nitride LD structure in which the upper p-type AlGaN cladding layer is replaced with silver metal. The optical properties of silver permit the realization of a transverse waveguide with acceptably low absorption loss and strong overlap with the quantum well ͑QW͒ gain.
The Ag-clad nitride LD structure is shown in Fig. 1 . The n-side is similar to conventional GaN-based LDs and includes a 750 nm Al 0.14 Ga 0.86 N / GaN ͑3/3 nm͒, ͑0001͒-oriented short-period superlattice cladding layer deposited over a thick n-type GaN/sapphire template. The active region consists of four In 0.1 Ga 0.9 N / GaN ͑3/6 nm͒ QWs, embedded in a GaN separate-confinement heterostructure ͑SCH͒. A p-type Al 0.2 Ga 0.8 N : Mg electron blocking layer is deposited over the last GaN barrier. The silver metal cladding is applied directly over the p-type SCH layer, replacing the p-type AlGaN cladding layer typical of conventional nitride LD structures. The thicknesses of the n-and p-type SCH layers were designed through transverse waveguide simulations, to determine the QW confinement factor ͑⌫͒ and the mode loss ͑␣͒ associated with the silver metal cladding, for the fundamental TE mode.
The important property of silver, which permits its use as a low-loss cladding layer and which is also responsible for its high reflectivity throughout the entire visible spectrum, is its very low real index n. At a wavelength of 410 nm, the complex index of silver is n = 0.17+ 2.0i, representing a huge index discontinuity with respect to GaN. 3 Consequently, when silver metal is applied as a waveguide cladding layer, the confined optical mode experiences a very abrupt decay in the silver. This behavior is indicated in Fig. 2 , which plots the calculated transverse TE mode intensity profile versus the refractive index profile of the various layers for a Ag-clad laser structure. Consequently, in spite of its high local loss, the mode loss due to the presence of the metal cladding has an acceptably low value of only about 30 cm −1 for n-and p-SCH layer thicknesses of 150 and 220 nm, respectively. While the complex index of our actual deposited Ag films may differ somewhat from the reported value used in the calculation, the basic conclusion should remain valid and is supported by device performance. Our silver-clad waveguides may recall plasmon waveguides employed for midinfrared and terahertz quantum cascade lasers, for which it is impractical to grow traditional semiconductor cladding layers of sufficient thickness to contain the mode. 4 The SCH thicknesses here represent a balance of the tradeoffs between high QW confinement factor ͑here, ⌫ ϳ 4%͒, and low mode loss. Generally, the loss is relatively high for the SCH values that maximize ⌫; but reasonably high ⌫ values can still be mutually obtained with an acceptable mode loss. a͒ Electronic mail: christopher.chua@parc.com. The fundamental transverse mode of the Ag-clad LD is highly asymmetric, as shown in Fig. 2 . Therefore, compared to conventional nitride LDs with symmetric AlGaN cladding layers, the mode experiences less overlap with the lossy p-type layers. In a conventional structure, this represents a significant component of the mode loss. Thus, the Ag-clad LD structure has greater loss due to the nearby silver contact metal/cladding layer. However, this may be partially offset by a reduction in the mode loss component which arises from the scattering and absorption loss in the p-type layers. We note that in this structure the presence of most other contact metals on the semiconductor surface would render the structure unviable as a laser diode. For example, even 1 nm of the common adhesion metals titanium, nickel, or chromium would double the mode loss. In contrast, silver is an ideal p-cladding material due to its very low refractive index. Also high-reflectivity Ag-based Ohmic contacts on p-type GaN for blue light-emitting diodes have been reported for an alloy of 98%Ag-1%Pd-1%Cu, with specific contact resistance as low as 1.4ϫ 10 −4 ⍀ cm 2 after optimized annealing. 5 Finally, at longer wavelengths such as those in the green, the Ag cladding may be augmented with an optically transparent, electrically conducting layer, such as indium tin oxide ͑ITO͒. In this case, the transparency and index of ITO can be used to further reduce the loss with a composite ITO+ Ag cladding/contact layer.
The nitride LD heterostructure was grown by metalorganic chemical vapor deposition with trimethyl-group-III precursors and ammonia for the host material and silane and biscyclopentadienylmagnesium for n-and p-type doping, respectively, in H 2 and N 2 carrier gases. The n-type AlGaN cladding layer was deposited at a pressure of 200 Torr, while all other layers were grown at an elevated pressure of 700 Torr for best optical efficiency and p-type doping. Subsequently, mirrors and n-contact pads were formed by chemically assisted ion-beam etching. The silver cladding was formed by depositing 200 nm of silver, followed by 500 nm of gold with conventional thermal evaporation techniques. The n-contact electrode was formed with a Ti-Au metallization. The contacts were not annealed. The current-voltage characteristic yielded a turn-on voltage of ϳ6 V, with a slope resistance of ϳ65 ⍀. Cavity lengths were 300, 400, 500, 700, 1000, and 1500 m, with uncoated ͑as-etched͒ mirrors; and the stripe width of the simple gain-guided LDs was 10 m. Lasing was evaluated under pulsed conditions at room temperature, with 100 ns pulse width and 1 kHz repletion rate.
The pulsed light versus current characteristic for a 10 ϫ 1000 m 2 stripe is shown in Fig. 3͑a͒ . The threshold current is 1.4 A, which corresponds to a threshold current density of about 14 kA/ cm 2 . At threshold, a far-field pattern emerged ͑with interference fringes produced by reflection from the etched surfaces in front of the mirror͒, indicative of spatial coherence and lasing. The lasing wavelength at 1.5 A pulsed current was 412 nm, as indicated in the spectrum shown in Fig. 3͑b͒ .
The cavity-length dependence of threshold current density ͑J th ͒ is shown in Fig. 4 . For long ͑L Ͼ 1000 m͒ cavities, J th is relatively insensitive to length, due to the dominance of the distributed loss ␣; while for short cavities J th is very high, due to the changing mirror loss combined with the sublinear gain versus current characteristic typical of QWs. Thus, this cavity-length dependence of J th is consistent with the estimated mode loss of about 30 cm −1 . The lowest measured J th was ϳ10 kA/ cm 2 , for a 1500 m cavity. The silver-clad LD heterostructure offers several potential advantages over conventional structures. First, the absence of a semiconducting p-AlGaN cladding layer simplifies the overall heterostructure, lowers both the series resistance and thermal resistivity, and inhibits cracking. Furthermore, with only minimal material required over the active region, the InGaN QW quality may be preserved against any degradation associated with the time/temperature exposure, which would otherwise occur during growth of a thick p-AlGaN cladding layer. This benefit is especially significant for high-indium content structures, such as in green laser diodes, due to the inherent thermal instability of InGaN. However, these advantages must be weighed against the practical challenges introduced by the silver metallurgy ͑ad-hesion, diffusion, oxidation, etc.͒ and the additional mode loss arising from the metal cladding. Despite this limitation, we have found that devices can be fabricated and the overall mode loss can be made acceptably small. Indeed, although the loss arising from absorption in the metal clad/contact is greater than that of a conventional nitride LD structure, the large asymmetry in the mode leads to lower loss from the mode's overlap with the p-type ͑Mg-doped͒ layers. Thus, the overall distributed loss is not unreasonably high. For a laser diode heterostructure designed to emit at 510 nm, the complex index of Ag is n = 0.13+ 3.07i. Simulations indicate that such Ag-clad laser diodes are viable and that the mode loss resulting from the silver metal may be further reduced by introducing an ITO layer between the p-SCH and the silver.
In conclusion, we have described and demonstrated a 412 nm 4 ϫ 3 nm In 0.1 Ga 0.9 N QW nitride laser diode in which the upper cladding layer is silver metal rather then the typical p-type AlGaN. Silver is effective as a cladding layer because of its very low index at this wavelength, so that the guided mode suffers minimal penetration into the silver. As a result of the properties of silver, the mode loss is acceptably low, and room-temperature pulsed lasing is achieved. It is anticipated that the Ag-clad InGaN heterostructure will be particularly enabling of green nitride laser diodes.
